Nitric oxide (NO) functions as an intercellular messenger molecule in such varied contexts as neurotransmission, immune regulation, and the control of vascular tone. We report that NO, delivered as purified gas or released from the pharmacologic NO donors sodium nitroprusside or 6-morpholino-sydnonimine, caused monocytic differentiation of cells of the human myeloid leukemia cell line HL-60 and altered gene expression. The treated cells stopped proliferating, became spread and vacuolated, had increased expression of nonspecific esterase and the monocyte marker CD14, and displayed increased capacity to produce hydrogen perox-ITRIC OXIDE (NO), a free-radical gas produced by N many cell types, mediates numerous intercellular functions.1,2 Since the initial reports identifying NO as an endothelium-derived relaxing factor and as a macrophage cytotoxic m e d i a t~r ,~,~ progress in this area has been rapid. Synthesis of NO from the semi-essential amino acid L-arginine has been det~rmined~.~; activators and inhibitors of the responsible enzyme, NO synthase, have been identifieds-'"; and two forms of NO synthase (constitutive and inducible) have been cloned.11J2 Several possible mechanisms of action of NO have been identified,13-17 and studies of this gas in such diverse areas as immune regulation, neurotransmission, and the control of vascular tonelsJ9 have begun to move from the laboratory into the The generation of NO by endothelial cells and mononuclear phagocytes has been well characterized.',22 Although both endothelial cells and macrophages are known to regulate hematopoietic cell differentiation in the bone marrow by secreting a variety of interleukins, colony stimulating factors, and other c y t o k i n e~,~~ the possible differentiating effects of NO elaborated by these cells have not been studied. We report here that NO (both the purified gas and that from pharmacologic NO donors) induces monocytic differentiation of the human myeloid leukemia cell line HL-60 and alters gene expression in these cells. Most prominently, NO induced a marked increase in tumor necrosis factor a (TNF-a) and interleukin-1 p (IL-1p) messenger RNA (mRNA), while decreasing expression of the oncogenes c-myc and c-myb. These results have implica- tions not only for the study of hematopoietic differentiation and its therapeutics, but also for the understanding of NO synthase induction and of the possible complications of the clinical use of NO donors or antagonists.
ide. Furthermore, these treated cells had increased steadystate expression of messenger RNA (mRNA) for tumor necrosis factor-a (TNF-a) and interleukin-1s (IL-Is), but decreased expression of mRNA for the proto-oncogenes c-myc and c-myb. The increase in TNF-a and IL-Ip mRNA levels was due (at least in part) to a new transcription of these specific mRNAs. NO elaborated in the bone marrow microenvironment may have a role in normal and malignant hematopoietic cell growth and differentiation. 0 1992 by The American Society of Hematology.
tions not only for the study of hematopoietic differentiation and its therapeutics, but also for the understanding of NO synthase induction and of the possible complications of the clinical use of NO donors or antagonists.
MATERIALS AND METHODS
The response of HL-60 cells to classical differentiating agents has been well characterized by us24-26 and by other^.^^^^* To investigate the effects of NO on HL-60 cell differentiation, we exposed cells to purified NO gas or to pharmacologic NO donors. Cell counts and viability, morphology, cytochemistry, cell-surface antigen expression, the ability to produce hydrogen peroxide, and steady-state mRNA expression analyses were performed.
HL-60 cells (passage number, 30 to 60; minimal viability, 85%) were seeded at 2.5 x 10S/mL in RPMI-1640 of minimal endotoxin content with 10% fetal bovine serum (FBS; Sterile Systems, Logan, UT). The cells were exposed to NO or other additives as described below and harvested at 72 hours. The number of viable cells was determined by trypan blue exclusion. Results are expressed as percent of control (no additives).
Sodium nitroprusside and potassium ferricyanide (Sigma, St Louis, MO) were dissolved in RPMI, filtered through 0.22-pn membranes (Millipore, Bedford, MA), and added to cell cultures at final concentrations of 0.1,0.25,0.5,0.75 or 1.0 mmol/L. Because no effect was observed at concentrations less than 0.5 mmol/L, only 0.5 to 1.0 mmol/L concentrations were used in replicative assays and are reported in Results. For cell counts, hydrogen peroxide production, and cell-surface antigen experiments, nitroprusside was added on day 0, days 0 and 1, or days 0, 1, and 2. For all other experiments, nitroprusside was added only at time 0. SIN-1 (6-morpholino-sydnonimine; Glaxo, Research Triangle Park, NC) was dissolved in acidified RPMI (pH 5), filtered as above, and added to the cultures at time 0 (final concentration, 100 pmol/L). Dilute NO gas (1:99 ratio in helium) or helium alone was used to treat HL-60 cells in deoxygenated media for 15 minutes; these cells were then transferred to fresh RPMI with 10% FBS for culture. Purified (100%) NO gas or NZ gas was passed through 10 mmol/L NaOH sterile saline solution and then used to gas cultures for 15 to 180 seconds at time 0. All gases are from National Welders (Raleigh, NC).
Differentiation studies. transferred to a nitrocellulose membrane for probing with a32P-dCTP-labeled cDNA.~~ The probe for TNF-a was the 0.6-kb EcoRI-Hind111 fragment of the human TNF-a gene from Dr S. McCachren (Duke University Medical Center), who also provided the 28s mRNA probe. The 1.4-kb CZu I-EcoRI fragment of the human c-myc gene was provided by Dr R. Kaufman (Duke University Medical Center). c-myb was the 2.6-kb EcoRI fragment of the human c-myb gene pHM2.6 clone in the pKH47 plasmid (ATCC, Rockville, MD). IL-1p was a 1.0-kb HindIII-EcoRI fragment of the human IL-1p gene in the SP6/T7 plasmid (ATCC). Run-on experiments were performed as noted previously," with the autoradiographs quantified using a densitometer (Molecular Dynamics, Sunnyvale, CA).
RESULTS
HL-60 cells in deoxygenated media saturated with NO in helium (at a ratio of 1:99) for 15 minutes had a growth decrement of 88% as compared with untreated cells, whereas saturation with purified helium alone inhibited growth by only 34%. In other experiments, we exposed HL-60 cells in media to purified NO gas for 60 or 180 seconds. As assessed after 72 hours in culture, the growth of these cells was inhibited by 41% and 88%, respectively. No growth inhibition was found with similar exposures to nitrogen gas only. Sodium nitroprusside (SNP) also caused growth inhibition (Fig. lA) , whereas potassium ferricyanide (which is structurally similar to SNP except for the absence of a nitroso group) did not inhibit cell growth. Morphologically, HL-60 cells exposed to NO gas or SNP showed increased vacuolization, spreading, and polarization (but not adherence). Similar morphologic changes have been reported after treatment with agents (such as PMA or 1,25 dihydroxyvitamin D3) known to induce monocytic differentiation in these ~e l l s .~~-~~ Neither gassing with helium or nitrogen nor exposure to potassium ferricyanide caused morphologic changes. Functionally, as neutrophilic and monocytic cells differentiate, they acquire an increased capacity to generate hydrogen peroxide. HL-60 cells treated with SNP showed enhanced PMA-stimulated peroxide production (Fig lB) , indicating that functional as well as morphologic differentiation had taken place.
These growth inhibition, morphologic, and peroxide production results are evidence of differentiation in HL-60 cells, but do not indicate whether maturation is proceeding along a neutrophilic or monocytic pathway. To address this question, we measured NBE expression in HL-60 cells treated with SNP (1 mmol/L). NBE positivity is a relatively specific marker for cells of the monocytic lineage.29 Cells treated with SNP were 75.2% 2 4.7% (mean 2 SEM) positive for NBE, as compared with 2.7% 2 1.1% in controls. By absolute numbers, there was a net 5.8-fold increase in NBE-positive cells in the group treated with SNP. This is evidence that the SNP induced true differentiation, rather than simply selectively killing undifferentiated cells and leaving a minor population of cells that had previously spontaneously differentiated. We also investi- Figure 1C shows that cells treated with SNP had large increases in the expression of CD14, whereas CD11 b and HLA-Dr expression were not appreciably changed. Together with the NBE data above, these results indicate not only that differentiation occurred, but that the pattern of maturation was specifically monocytic.
To explore further the possible mechanisms of NOinduced cell differentiation, we evaluated the cells for changes in gene expression. Various agents that induce HL-60 cells to differentiate cause a decline in expression of the proto-oncogenes c-myc and c-myb, genes that are constitutively expressed in these cells.2"tR Both c-myc and c-myb encode for DNA-binding proteins implicated in the regulation of gene transcription and DNA s y n t h e s i~.~~.~~ By contrast, levels of mRNA for mature monocyte products, such as T N F a and IL-Ip, have been noted to increase with Figure 2 shows that steady-state levels of TNF-a mRNA were increased in HL-60 cells treated with NO gas, and that the increase was proportional to the degree of NO treatment. Similarly, NO delivered to cells as SNP caused a dose-related increase in TNF-a mRNA ( Fig  3A) . No change in TNF-a mRNA levels was seen after treatment with potassium ferricyanide (KFC 0.5 to 1 mmol/L; data not shown). The nitrovasodilator SIN-1, another NO donor, also increased T N F a mRNA expression (Fig 38) . Furthermore, HL-60 cells treated with NO gas or SNP had increased mRNA levels for the monokine IL-1p (Fig 3C and D) , whereas control cells or cells treated with KFC expressed little or no IL-lp mRNA (Fig 3D) . To determine if the SNP-induced increase in mRNAs for TNF-a and IL-1s was due to new transcription of the specific mRNAs, run-on assays were performed. Results showed an increase in TNF-a and IL-lp mRNA synthesis of 2.9-and 2.0-fold, respectively, with no increase for the control plasmid SP6T7 (data not shown). The increases in 1 2 3 4 . 5 6
TNF-a and IL-1 p mRNAs were totally blocked by a-amanitin, indicating the role of RNA polymerase I1 in the process. In contrast to this increase in mRNA levels for the mature monocyte products T N F a and IL-lp, Northern analyses showed that mRNA levels of the proto-oncogenes c-myc and c-myb decreased after treatment with SNP or NO gas (Fig 3E and F) .
DISCUSSION
Our results show that NO induces monocytic differentiation and alters gene expression in a human myeloid leukemia cell line. NO inhibited the growth of HL-60 cells, increased their capacity to generate peroxide after PMA stimulation, and induced the expression of the monocytespecific enzyme NBE. Further evidence of monocytic differentiation was provided by the increase in expression of CD14, an antigen restricted primarily to cells of the monocytic lineage. We also found that NO treatment of HL-60 cells caused mRNA levels of T N F a and IL-lp to increase in a dose-dependent manner, whereas levels of the oncogenes c-myc and c-myb decreased. Thus, the ephemeral gas NO has the capacity to modify cellular gene expression and to affect cellular differentiation.
NO modification of cell function has been shown to occur by various mechanisms, including (1) oxidation of ironcontaining enzymes such as aconitase or ribonucleotide reductase; (2) ADP ribosylation of proteins; (3) protein sulfhydryl group nitrosylation; and (4) activation of the soluble guanylate cyclase (with resultant increase in cellular cGMP).13-17 Earlier studies showed that elevating HL-60 intracellular levels of cGMP with various agents will cause cellular differentiati~n?~.~~ Boss noted that SNP and other drugs would induce differentiation and elevation in HL-60 cell cGMP levels, and that the degree of differentiation roughly correlated with cellular levels of cGMP.~' Also, Gong et al have shown that murine macrophages will exprcss TNF-a in response to an increase in intracellular CGMP?~ NO-induced leukemia cell differentiation may be mediated by one or several of the mechanisms noted above. The precise molecular pathway(s) by which NO modulates mRNA synthesis has not been determined.
It is now well established that NO synthase can be induced in both endothelial cells and mononuclear phago- 
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cytes after treatment with interferon-y in combination with other cytokines (most prominently TNF-IX).~,~~ In this context, our finding of increased TNF-a mRNA levels induced by NO suggests a possible positive feedback loop in the activation of these cells. Whether such an autocrine or paracrine mechanism operates in vivo and its physiologic significance remains to be elucidated. Hematopoietic cell growth and differentiation depend on a complex interplay between progenitor cells and other cells present in the bone marrow microenvironment (eg, endothelial cells, macrophages, fibroblasts, and fat cells). Many soluble factors secreted by these cells play key roles in normal and malignant cell development. Our results show that NO derived from several sources can modulate cellular differentiation and alter gene expression. We suggest that NO elaborated in the bone marrow may have a role in normal and malignant hematopoietic cell differentiation. Also, NO donors may prove to be of therapeutic value in the treatment of human myeloid leukemia.
